Introduction {#section1-2041731419827167}
============

In bone tissue engineering, undegradable scaffolds (e.g. titanium- and tantalum-based bone scaffold or orthotics) employed to repair defected bones still prevail in clinical applications even though biodegradable scaffolds show a great promise.^[@bibr1-2041731419827167]^ It is well known that adaptive bone formation is related to the external mechanical stimulus, and the coupling activities of osteoclasts and osteoblasts receiving the mechanical signal from osteocytes play an important role in the bone formation.^[@bibr2-2041731419827167][@bibr3-2041731419827167][@bibr4-2041731419827167]--[@bibr5-2041731419827167]^ Unfortunately, the past work on the mechanism of the bone in-growth into undegradable scaffolds under mechanical stimulus is limited.

Considerable ex vivo and in vivo experiments have been carried out to investigate the remodeling mechanism of bone-related cells and bone under mechanical stimulus.^[@bibr6-2041731419827167]^ At the cell level, mechanical stretch influences the cell activities (such as survival, proliferation, differentiation, and growth) and also the matrix and the growth factor productions.^[@bibr6-2041731419827167]^ For osteoblasts, it was found that 0%--9% stretch strain promoted the human osteoblast proliferation and differentiation, which was strain magnitude dependent.^[@bibr6-2041731419827167],[@bibr7-2041731419827167]^ It was stimulatory to the expressions of bone morphogenetic proteins (BMPs), but it suppressed the transforming growth factor-β (TGF-β),^[@bibr8-2041731419827167]^ and the activity of alkaline phosphatase (ALP) and secretion of type I collagen were not promoted at low strain (\<2.5%).^[@bibr6-2041731419827167]^ For osteoclasts, the mechanical signal increased the expression of the interleukin-6 (IL-6), which regulated the osteoclast production during normal bone homeostasis,^[@bibr9-2041731419827167]^ but it produced the osteoprotegerin (OPG) which was an inhibitor of the osteoclastogenesis.^[@bibr10-2041731419827167]^ Of course, not limited to the above-mentioned BMP, TGF-β, OPG, and IL-6, the mechanical stretch also regulates expressions of many other cytokines, which together determine autocrine and paracrine effects of the osteoblast and osteoclast. At the macroscopic level of bones, bone remodeling has been investigated in both animal and human. A short review discussed that exercise program could be maximized to strengthen bones, particularly during childhood and adolescence.^[@bibr11-2041731419827167]^ Moreover, by high-intensity resistant exercise, the bone turnover and bone mineral density (BMD) were apparently improved in elderly men and women.^[@bibr12-2041731419827167]^ However, excessive exercise was not beneficial for the bone formation, and a medium intensity was reported to optimize bone mass and strength via affecting both the bone formation and resorption in rats.^[@bibr13-2041731419827167]^ Although many cell and clinical experiments give qualitative conclusions or phenomena (e.g. effectiveness of treating bone diseases^[@bibr14-2041731419827167]^ or accuracy of testing methods in clinical use^[@bibr15-2041731419827167]^), to the best of the authors' knowledge, very few work can be referred to reveal the bone formation starting from the cell levels, not even mention the quantitative description of the bone-repair process. In this regard, mathematical modeling seems providing an advanced way to treat this issue.

Regarding the mathematical modeling, a huge number of theoretical or numerical works has been done on bone remodeling. However, some literature only considered the effects of cell activities or the concentrations of chemicals cooperating with animal experiments. With the biochemical signals, the evolution of bone regeneration could be simulated and predicted. For example, Rattanakul and Rattanamongkonku^[@bibr16-2041731419827167]^ analyzed the effects of calcitonin concentration on the bone formation and resorption. Although these studies greatly improved our understanding of bone remodeling, they did not take into account the effect of mechanical stimulus. Other works simply treated the bone formation regulated by mechanical variables like strain energy density (SED). For example, by applying a sinusoidal mechanical signal, Adachi et al.^[@bibr17-2041731419827167]^ studied the trabecular bone remodeling influenced by the fluid shear stress induced by interstitial fluid (ISF) flow, which was sensed by osteocytes, and stimulated remodeling rate equations of the trabecular surface.^[@bibr18-2041731419827167]^ In particular, Shi et al.^[@bibr19-2041731419827167]^ employed a coupling model of the scaffold degradation and bone formation to phenomenally study the impact of mechanical duration on the dynamic bone-repair process. Although these models achieved some success, they ignored the osteoblast--osteoclast interactions at the cell level under the mechanical stimulus.

In addition, stress shielding is very important in designing scaffolds with suitable stiffness. It occurs when the scaffold stiffness is greater than that of the substituted bone tissue. This is because the load-bearing scaffold with greater stiffness caused self-adaptive bone remodeling by reducing its mass, which resulted in less in-grown bone.^[@bibr20-2041731419827167]^ On the basis of the concept, the bone in-growth into scaffolds stops and reaches a homeostasis of the scaffold--bone system when the system stiffness matches that of the substituted bones.^[@bibr21-2041731419827167]^ However, all of the mentioned works did not discuss the homeostasis in the bone remodeling or in-growth process. Therefore, for a better understanding of the dynamic coupling between osteoblasts and osteoclasts during the bone in-growth process under mechanical stimulus, we here proposed a mathematical model by combining cell activities, mechanical stimulus, and homeostasis of the scaffold-bone system to study the bone in-growth into an undegradable periodic scaffold.

Mathematical models {#section2-2041731419827167}
===================

Bone remodeling by coupling osteoblast and osteoclast {#section3-2041731419827167}
-----------------------------------------------------

Here, the activities of osteoblast and osteoclast are coupled through the autocrine and paracrine effects during the bone remodeling. As mentioned earlier, the autocrine and paracrine effects are regulated by receptor activator of NF-κB (RANK), receptor activator of NF-κB ligand (RANKL), OPG, TGF-β, and others, and the coupling model is simply described as^[@bibr22-2041731419827167]^

$$\left\{ \begin{array}{l}
{\frac{du_{1}}{dt} = \alpha_{1}u_{1}^{\gamma_{11}}u_{2}^{\gamma_{21}} - \beta_{1}u_{1}} \\
{\frac{du_{2}}{dt} = \alpha_{2}u_{1}^{\gamma_{12}}u_{2}^{\gamma_{22}} - \beta_{2}u_{2}} \\
\end{array} \right.$$

where *t* is days of the bone in-growth, $u_{1}$ and $u_{2}$ are numbers of osteoclasts and osteoblasts, $\alpha_{1}$ and $\alpha_{2}$ are production rates of the two cell types, $\beta_{1}$ and $\beta_{2}$ are apoptotic rates of the two cell types, $\gamma_{11}$ and $\gamma_{12}$ describe the autocrine of osteoclast and its paracrine effect on osteoblasts, and $\gamma_{22}$ and $\gamma_{21}$ represent the autocrine of osteoblast and its paracrine effect on osteoclasts, respectively. All parameters are positive except $\gamma_{21}$. This is because $\gamma_{21}$ represents the inhibition of osteoclast production due to osteoblasts, and $\gamma_{12}$ is the promotion of osteoblast production due to osteoclasts.^[@bibr23-2041731419827167]^ The bone density *ρ*(*t*) is positively proportional to the number of osteoblasts above a critical value $\overline{u_{2}}$, which is the number of osteoblasts at the bone homeostasis, and negatively proportional to the number of osteoclasts above another critical value $\overline{u_{1}}$, which is the number of osteoclasts at the bone homeostasis. Here, *ρ*(*t*) is described as^[@bibr19-2041731419827167]^

$$\rho(t) = k_{2}{\int\limits_{0}^{t}U_{2}}dt - k_{1}{\int\limits_{0}^{t}{U_{1}dt}}$$

where $k_{1}$ and $k_{2}$ are the normalized activities of bone resorption and formation, respectively; $U_{1}$ and $U_{2}$ are the numbers of the activated osteoclasts and osteoblasts above the critical values, respectively, that is

$$\left\{ \begin{matrix}
\begin{matrix}
{U_{1} = u_{1} - \overline{u_{1}}} & {if} & {u_{1} > \overline{u_{1}}} \\
\end{matrix} \\
\begin{matrix}
{U_{1} = 0\begin{matrix}
 & \\
\end{matrix}} & {if} & {u_{1} \leq \overline{u_{1}}} \\
\end{matrix} \\
\end{matrix} \right.$$

$$\left\{ \begin{matrix}
\begin{matrix}
{U_{2} = u_{2} - \overline{u_{2}}} & {if} & {u_{2} > \overline{u_{2}}} \\
\end{matrix} \\
\begin{matrix}
{U_{2} = 0\begin{matrix}
 & \\
\end{matrix}} & {if} & {u_{2} \leq \overline{u_{2}}} \\
\end{matrix} \\
\end{matrix} \right.$$

where

$$\left\{ \begin{matrix}
{\overline{u_{1}} = \left( \frac{\beta_{1}}{\alpha_{1}} \right)^{\frac{1 - \gamma_{22}}{\Gamma}}\left( \frac{\beta_{2}}{\alpha_{2}} \right)^{\frac{\gamma_{21}}{\Gamma}}} \\
{\overline{u_{2}} = \left( \frac{\beta_{1}}{\alpha_{1}} \right)^{\frac{\gamma_{12}}{\Gamma}}\left( \frac{\beta_{2}}{\alpha_{2}} \right)^{\frac{1 - \gamma_{11}}{\Gamma}}} \\
\end{matrix} \right.$$

with

$$\Gamma = \gamma_{12}\gamma_{21} - \left( {1 - \gamma_{11}} \right)\left( {1 - \gamma_{22}} \right)$$

Mechanical stimulus on the bone remodeling {#section4-2041731419827167}
------------------------------------------

Mechanical stimulus is very important in bone remodeling, and it regulates the activities of osteoclasts and osteoblasts. However, in the above bone remodeling algorithm, see [equations (1)](#disp-formula1-2041731419827167){ref-type="disp-formula"}--([5](#disp-formula6-2041731419827167){ref-type="disp-formula"}), the stimulus is not explicitly included. Due to both positive and negative effects of the mechanical stimulus on the expressions of RANKL, TGF-β, OPG, and ALP,^[@bibr7-2041731419827167][@bibr8-2041731419827167][@bibr9-2041731419827167]--[@bibr10-2041731419827167]^ which determine the autocrine and paracrine coefficients *γ~ij~* (*i, j* = 1,2), the coefficients are here treated as constants. The formation rate of osteoclasts (within 4 days)^[@bibr4-2041731419827167]^ and apoptotic percentage of osteoblasts (within 7 days)^[@bibr2-2041731419827167]^ were strongly influenced at the initial loading stage but weakly influenced afterward. Moreover, apoptotic rates of osteoclasts were reported to be free from tensional forces after being loaded for 2 days^[@bibr5-2041731419827167]^. Thus, the coefficients *α*~1~, *β*~1~ and *β*~2~ were also treated as constants in the long bone in-growth process. Whereas, the proliferation index and ALP activities of osteoblasts were optimized at the 500 με stretching strain between the control and high strain groups^[@bibr24-2041731419827167]^, and the differentiation number of human fetal osteoblasts was greatly optimized after being loaded for 14 days^[@bibr2-2041731419827167]^. In view of these, the present work refined the above coupling model of osteoblasts and osteoblasts by only integrating the mechanical stimulus into the differentiation rate *α*~2~ of osteoblasts, and the new expression is empirically expressed as

$$\alpha_{2}\left( t \right)\ \  = \ \ \alpha_{2}\left\lbrack {1 + A \cdot \Phi \cdot te^{- B \cdot \Phi \cdot t}} \right\rbrack$$

where *A* and *B* are the parameters tuning the contributions of the mechanical stimulus to the differentiation rate of osteoblasts and Φ is the local elastic SED which is a widely-used strain-related variable of mechanical stimulus controlling bone remodeling^[@bibr19-2041731419827167],[@bibr25-2041731419827167]^. In the following finite element implementation, each element represented a material point, and the local elastic SED Φ of an element is calculated by treating the elastic SED *φ* of its surrounding elements within a distance *D*. Then, the elastic SED $\varphi\left( x_{j} \right)$ and the local elastic SED Φ(*x~i~*) are calculated as^[@bibr26-2041731419827167]^

$$\left\{ \begin{array}{l}
{\varphi\left( x_{j} \right) = \frac{1}{2}\sum\limits_{p = 1}^{3}{\sum\limits_{q = 1}^{3}{\sigma_{pq,j}\varepsilon_{pq,j}}}} \\
{\Phi\left( x_{i} \right) = \sum\limits_{j = 1}^{n}{e^{- \frac{d{({x_{j} - x_{i}})}^{2}}{2D^{2}}}\varphi\left( x_{j} \right)}} \\
\end{array} \right.$$

where *σ~pq,\ j~* and *ε~pq,\ j~* represent stress and strain components of the *j*th element, respectively; *n* is the number of the surrounding elements to the *i*th element within *D; ϕ*(*x~j~*) is the elastic SED of the *j*th surrounding element; and $d\left( x_{j} - x_{i} \right)$ is the distance between the *i*th and *j*th elements, respectively.

Then, substituting [equations (6)](#disp-formula7-2041731419827167){ref-type="disp-formula"} and ([7](#disp-formula8-2041731419827167){ref-type="disp-formula"}) into equation ([1](#disp-formula1-2041731419827167){ref-type="disp-formula"}), we obtained the bone remodeling equation of the *i*th element involving the coupled two type cells regulated by mechanical stimulus

$$\left\{ \ \begin{array}{l}
{\frac{du_{1,i}}{dt} = \alpha_{1}u_{1,i}^{\gamma_{11}}u_{2,i}^{\gamma_{21}} - \beta_{1}u_{1,i}} \\
{\frac{du_{2,i}}{dt} = \alpha_{2}\left\{ \ {1 + \frac{At}{2} \cdot \left\lbrack \ {\sum\limits_{j = 1}^{n}{e^{- \frac{d{({x_{j} - x_{i}})}^{2}}{2D^{2}}}\left( {\sum\limits_{p = 1}^{3}{\sum\limits_{q = 1}^{3}{\sigma_{pq,j}\varepsilon_{pq,j}}}} \right)}}\  \right\rbrack e^{- \frac{Bt}{2}{\lbrack\ {\sum\limits_{j = 1}^{n}{e^{- \frac{d{({x_{j} - x_{i}})}^{2}}{2D^{2}}}{({\sum\limits_{p = 1}^{3}{\sum\limits_{q = 1}^{3}{\sigma_{pq,j}\varepsilon_{pq,j}}}})}}}\ \rbrack}}}\  \right\} u_{1,i}^{\gamma_{12}}u_{2,i}^{\gamma_{22}} - \beta_{2}u_{2,i}} \\
\end{array} \right.$$

Bone formation judgment {#section5-2041731419827167}
-----------------------

After scaffold implantation into body, the scaffold was assumed to be filled by ISF due to the fluid permeation. Under the mechanical stimulus, due to the undegradability of the scaffold, the bone remodeling actually is a process of material transformation from the ISF to bone. Then, we develop a relative bone density--based criterion to judge when bone forms, namely, when the relative bone density ${\overline{\rho}}_{element}(t)$ of an ISF element is greater than a critical value ${\overline{\rho}}_{\min}$, i.e.

$${\overline{\rho}}_{element}\left( t \right) > {\overline{\rho}}_{\min}$$

the ISF element is changed to bone element. Here, the relative bone density is calculated by ${\overline{\rho}}_{element}(t) = \rho_{element}(t)/\rho_{b}$, where *ρ*~element~(*t*) is the current bone density calculated by [equation (2)](#disp-formula2-2041731419827167){ref-type="disp-formula"}, and **ρ*~b~* is the density of mature bone.

The activities of osteoblasts and osteoclasts always locate on surfaces of scaffold or bone, thus, the bone remodeling occurs on the same surfaces. Then, in the following finite element model, the elements neighboring to the surface of scaffold or bone first start being remodeled. For two adjacent ISF elements (one neighboring to the surface, and the other not), we assumed that when the ISF element neighboring to the surface is remodeled by 40% (bone volume (BV) percentage), the remodeling of the other ISF element starts. This is based on the following cubic element size (50 μm) and the osteoid-disposition thickness 20 μm at which the bone mineralization begins.^[@bibr27-2041731419827167]^

Quantification of the mechanical properties of the formed bone element {#section6-2041731419827167}
----------------------------------------------------------------------

To quantify the mechanical properties of the newly formed bone element, we employed the well-known power law describing porous media. Young's modulus of the formed bone element was correlated to the relative bone density ${\overline{\rho}}_{element}(t)$, that is

$$E_{element}\left( t \right) = \left( {E_{b} - E_{ISF}} \right){\overline{\rho}}_{element}\left( t \right)^{\lambda} + E_{ISF}$$

where $E_{ISF}$ and $E_{b}$ are Young's moduli of the ISF and mature bone, respectively. It is worth mentioning that for porous bone, *λ* is in the range of 2--3,^[@bibr28-2041731419827167],[@bibr29-2041731419827167]^ and here, *λ* = 2 is used. Moreover, [equation (10)](#disp-formula11-2041731419827167){ref-type="disp-formula"} is self-consistent, namely, at the initial stage, $E_{element}(0) = E_{ISF}$, which denotes no bone formation; at the bone maturation stage, $E_{element}(t_{maturation}) = E_{b}$.

Homeostasis of the scaffold-bone system {#section7-2041731419827167}
---------------------------------------

As mentioned before, stress shielding is a must-considered factor in designing bone scaffolds. In the present model, we defined Young's modulus *E*~system~(*t*) as the stiffness of the scaffold--bone system. If *E*~system~(*t*) and Young's modulus *E~cb~* of a natural trabecular bone satisfy

$$E_{system}\left( t \right) > E_{cb}$$

the bone in-growth stops and the scaffold--bone system reaches a homeostasis. Young's modulus *E*~system~(*t*) is calculated by *E*~system~(*t*) = *σ*/(Δ*l*/*l*), where *σ* is the applied mechanical intensity, Δ*l* is the average displacement of the system, and *l* is the length of the system in the loading direction, here, *l* = 1 mm.

Numerical implements {#section8-2041731419827167}
====================

Finite element model {#section9-2041731419827167}
--------------------

### Geometry {#section10-2041731419827167}

Here, a representative volume element (RVE) of a periodic porous bone scaffold was studied without loss of generality ([Figure 1(a)](#fig1-2041731419827167){ref-type="fig"}). The RVE was a porous cube with a side length of 1000 μm. The RVE was meshed into 8000 reduced integration cubic elements (C3D8R in Abaqus; SIMULIA, USA) with side length of 50 μm. This is because the reduced integration with fewer integration points can improve the computing efficiency. Moreover, in the following *Materials* section, we assigned one osteoblast in one ISF element, and the osteoblast density is 5184 osteoblasts per cubic millimeter which is close to the lower limit of the density range of the osteocyte lacunae.^[@bibr30-2041731419827167]^ The pore size on cubic faces was 600 μm, and the RVE porosity was calculated as 64.8%, which located in the range of natural bone porosity (5%--90%), and the thickness of the pillar was 200 μm, which was also comparable to that of the natural spongy bone.^[@bibr31-2041731419827167]^

![RVE of (a) a porous periodic scaffold and (b) loading trapezoidal pulse in a day.](10.1177_2041731419827167-fig1){#fig1-2041731419827167}

### Materials {#section11-2041731419827167}

In reality, the pore in RVE is occupied through diffused fluid after scaffold implantation. Since ISF was observed to mediate signal transduction in mechanical loading--induced remodeling,^[@bibr32-2041731419827167]^ as stated in section "*Bone formation judgment*", the pore of the RVE was assumed to be initially occupied by the ISF (5184 elements, each of them includes identical initial cell numbers, that is, 1 osteoblast and 5 osteoclasts).^[@bibr22-2041731419827167]^ Moreover, the ISF and scaffold materials in the RVE were all assumed to be isotropic and linear elastic. It is worth mentioning that the ISF is a water-like fluid, and in fluid mechanics, the fluid is commonly treated to be incompressible.^[@bibr33-2041731419827167]^ Although the trabecular orientation and vessel distribution result in the macroscopic anisotropic properties of trabecular and cortical bones, respectively, the newly formed bone element in micro-scale (50 μm) on the surfaces of scaffold pillars is a trabecula-like solid material and thus could be simplified to be isotropic and linear elastic under quasi-static load.^[@bibr34-2041731419827167]^ The scaffold and bone shared the same Poisson's ratio, which was constant in the bone in-growth process. All materials properties of the scaffold material, ISF, and bone are listed in [Table 1](#table1-2041731419827167){ref-type="table"}.

###### 

Input parameters of the simulations.

![](10.1177_2041731419827167-table1)

  Parameters                             Value                       Unit                                  
  -------------------------------------- --------------------------- ------------------------------------- ------------------
  Number of element                      *N*                         8000^[@bibr19-2041731419827167]^      --
  Young's modulus of mature bone         *E~b~*                      20^[@bibr19-2041731419827167]^        GPa
  Young's modulus of scaffold            *E~s~*                      5^[@bibr19-2041731419827167]^         GPa
  Poisson's ratio of scaffold and bone   *ν~s~*                      0.3^[@bibr19-2041731419827167]^       --
  Young's modulus of ISF                 *E* ~ISF~                   0.01^[@bibr19-2041731419827167]^      GPa
  Poisson's ratio of ISF                 *ν* ~ISF~                   0.49^[@bibr19-2041731419827167]^      --
  Influence distance                     *D*                         0.15^[@bibr19-2041731419827167]^      mm
  Production rate of the osteoclasts     *α* ~1~                     3^[@bibr22-2041731419827167]^         Cells/day
  Production rate of the osteoblasts     *α* ~2~                     4^[@bibr22-2041731419827167]^         Cells/day
  Removal rate of the osteoclasts        *β* ~1~                     0.2^[@bibr22-2041731419827167]^       Day^−1^
  Removal rate of the osteoblasts        *β* ~2~                     0.0017^[@bibr25-2041731419827167]^    Day^−1^
  Autocrine of the osteoclasts           *γ* ~11~                    1.1^[@bibr23-2041731419827167]^       --
  Autocrine of the osteoblasts           *γ* ~22~                    0^[@bibr22-2041731419827167]^         --
  Paracrine of the osteoclasts           *γ* ~21~                    −0.5^[@bibr22-2041731419827167]^      --
  Paracrine of the osteoblasts           *γ* ~12~                    1^[@bibr22-2041731419827167]^         --
  Normalized activities of osteoclasts   *k* ~1~                     0.24%^[@bibr22-2041731419827167]^     Cell^−1^ day^−1^
  Normalized activities of osteoblasts   *k* ~2~                     0.0017%^[@bibr22-2041731419827167]^   cell^−1^ day^−1^
  Constant                               *A*                         10                                    --
  Constant                               *B*                         1                                     --
  Critical relative density              ${\overline{\rho}}_{min}$   0.01^[@bibr19-2041731419827167]^      --
  Young's modulus of cancellous bone     *E~cb~*                     2^[@bibr35-2041731419827167]^         GPa

### Boundary condition and loading {#section12-2041731419827167}

The bottom of the RVE was encastered, and the four lateral faces of the RVE were constrained to avoid translation but be able to rotate in their normal directions, and a uniformly distributed pressure was perpendicularly applied on its top surface to approximately simulate the mechanical microenvironment in body, for example, the femoral shaft. The loading history was a trapezoidal pulse in a day ([Figure 1(b)](#fig1-2041731419827167){ref-type="fig"}). Regarding the pulse, for the sake of saving the computing cost, the RVE was quasi-statically loaded instead of being loaded in walking frequency in a day. Here, we studied three mechanical intensities (0.5, 0.7, and 1.0 MPa) and three mechanical durations (0.2, 0.3, and 0.4 day) per day^[@bibr19-2041731419827167]^ within 200-day bone in-growth process. It is worth mentioning that the mechanical intensity was estimated by the average weight (*W* = 81.6 kg) and average cross-sectional area (*A* = 4.5 cm^2^) of single femoral shaft of White and Black women.^[@bibr36-2041731419827167]^ Then, the mechanical intensity *σ* acting on an individual femoral shaft was calculated as 0.91 MPa; moreover, considering weak mechanical stimulus at the initial stage after scaffold implantation, the intensities (0.5 and 0.7 MPa) less than 1.0 MPa were selected. The mechanical duration was estimated on the basis of the duration of daily physical activities (e.g. walking) of a normal person. The flowchart to simulate the bone in-growth is shown in [Figure 2](#fig2-2041731419827167){ref-type="fig"}.

![The bone in-growing flowchart.](10.1177_2041731419827167-fig2){#fig2-2041731419827167}

Simulations {#section13-2041731419827167}
-----------

The simulation was performed by coding the above flowchart into VUMAT subroutine. To solve the nonlinear models easily and efficiently, Abaqus/Explicit was employed here to guarantee the calculation convergence compared to Abaqus/Standard, and an auto-incremental time step was adopted. Moreover, the mass scaling was set to be 8 × 10^−6^ after several trials to balance the computing cost and the rate of convergence. For all the input parameters in the simulation, they were listed in [Table 1](#table1-2041731419827167){ref-type="table"}.

Results {#section14-2041731419827167}
=======

To study the bone in-growth into an undegradable periodic scaffold influenced by mechanical stimulus, the influences of three mechanical intensities and durations mentioned in section "*Boundary condition and loading*" on the BV percentage (BV/TV) of the BV to the total volume (TV = scaffold + formed bone + ISF) and the elastic SED of the scaffold--bone system are summarized and discussed.

Evolving process of bone in-growth {#section15-2041731419827167}
----------------------------------

To validate the model, we compare the BV/TV of our simulations with that of a rat experiment, where additive manufactured porous scaffolds were modified by surface treatments and implanted into defected femoral bone of male Wistar rats^[@bibr37-2041731419827167]^ (see [Figure 3](#fig3-2041731419827167){ref-type="fig"}). The comparison shows that the experimental results and present simulations are comparable even though there is difference between the simulating and the experimental conditions.

![Comparison between the present simulations and animal experiments^[@bibr37-2041731419827167]^ (AnH and AlAcH are anodizing heat and alkali--acid--heat--treated scaffolds implanted in male Wistar rats at 4, 8, and 12 weeks).](10.1177_2041731419827167-fig3){#fig3-2041731419827167}

Regarding the bone in-growth process, contour plots of the relative density ${\overline{\rho}}_{element}(t)$ of the case with the duration of 0.4 day and intensity of 1.0 MPa at eight time points were snapped in [Figure 4](#fig4-2041731419827167){ref-type="fig"}. It is seen that there is no bone formation in the first two weeks ([Figure 4(a)--(c)](#fig4-2041731419827167){ref-type="fig"}). At the end of the first month (i.e. day 30), there is a single-layered low-density bone element around the pillars ([Figure 4(d)](#fig4-2041731419827167){ref-type="fig"}). After the first month, the single-layered low-density bone tends to mature ([Figure 4(e)](#fig4-2041731419827167){ref-type="fig"} and ([f](#fig4-2041731419827167){ref-type="fig"})). Moreover, due to the greater mechanical stimulus at vertical pillars, the bone at the four vertical pillars matures faster than that at the horizontal pillars ([Figure 4(g)](#fig4-2041731419827167){ref-type="fig"} and ([h](#fig4-2041731419827167){ref-type="fig"})). Following the process, the RVE is gradually filled by the newly formed bone till the system homeostasis.

![Snapshots of the in-growing process of bone into porous scaffold within 200 days: (a) day 7, (b) day 11, (c) day 18, (d) day 30, (e) day 47, (f) day 76, (g) day 124, (h) day 200.](10.1177_2041731419827167-fig4){#fig4-2041731419827167}

In particular, the numbers of osteoclasts and osteoblasts in a randomly selected element and the scaffold--bone system (collected cells in all bone and ISF elements) are reported in [Figure 5](#fig5-2041731419827167){ref-type="fig"}. It shows that before the homeostasis of the scaffold--bone system (i.e. cease of the bone in-growth) at day 113, the cell numbers in the element became constants in a bone cycle at around day 100,^[@bibr22-2041731419827167]^ and the cell numbers in the system periodically varied to constants. The periodicity indicates the emergence of the newly formed bone layer where the cells were activated (i.e. at day 72, the second-layered bone element emerges), and the constant cell numbers represent a system homeostasis. Moreover, the peak of the osteoblast number always follows that of the osteoclast number, and the peak delay indicates that it takes time for signals to travel when the two activated cell types affect each other in human body.^[@bibr23-2041731419827167]^

![Numbers of osteoclasts and osteoblasts in (a) a remodeled element and (b) the scaffold--bone system.](10.1177_2041731419827167-fig5){#fig5-2041731419827167}

Effect of mechanical intensity {#section16-2041731419827167}
------------------------------

[Figure 6](#fig6-2041731419827167){ref-type="fig"} displays the evolutions of the BV/TV and SED of the scaffold--bone system under the three mechanical intensities. Generally, as the mechanical intensity increases, the BV/TV increases before system homeostasis and is optimized after system homeostasis, while the SED of the system increases. However, for a mechanical intensity, the BV/TV increases while the SED decreases, and the decreasing SED results from the increasing system stiffness by referring SED=σ^2^/(2*E*~system~(*t*)). Moreover, the influence of the mechanical intensity on the BV/TV is weaker than that on the SED. In particular, under durations 0.2 day ([Figure 6(a)](#fig6-2041731419827167){ref-type="fig"}) and 0.4 day ([Figure 6(e)](#fig6-2041731419827167){ref-type="fig"}), the BV/TV is optimized at intensity 0.7 MPa, and under duration 0.3 day ([Figure 6(c)](#fig6-2041731419827167){ref-type="fig"}), it is optimized at both 0.5 and 1.0 MPa. Within the first 30 days, there are few low-density bone elements (see small BV/TV in [Figure 6(a)](#fig6-2041731419827167){ref-type="fig"}, ([c](#fig6-2041731419827167){ref-type="fig"}) and ([e](#fig6-2041731419827167){ref-type="fig"})), and this results in the approximate constants of the SED (see [Figure 6(b)](#fig6-2041731419827167){ref-type="fig"}, ([d](#fig6-2041731419827167){ref-type="fig"}) and ([f](#fig6-2041731419827167){ref-type="fig"})). In addition, the saw-like SED curve before system homeostasis results from the instable bone formation and the simulation mode of the Abaqus/Explicit in which the kinetic energy fluctuates the SED.

![BV/TV and SED of the system under different mechanical intensities: (a) BV/TV and (b) SED for duration 0.2 day, (c) BV/TV and (d) SED for duration 0.3 day,(e) BV/TV and (f) SED for duration 0.4 day.](10.1177_2041731419827167-fig6){#fig6-2041731419827167}

Effect of mechanical duration {#section17-2041731419827167}
-----------------------------

[Figure 7](#fig7-2041731419827167){ref-type="fig"} displays the evolutions of the BV/TV and the SED of the scaffold--bone system under the three mechanical durations. Similar to section "*Effect of mechanical intensity*", the BV/TV is optimized at 0.3 day under 0.5 MPa ([Figure 7(a)](#fig7-2041731419827167){ref-type="fig"}) and 1.0 MPa ([Figure 7(e)](#fig7-2041731419827167){ref-type="fig"}) after system homeostasis. For a mechanical duration, the BV/TV increases, while the SED of the system decreases. Moreover, before system homeostasis, the SED curves of the system are saw-shaped (see [Figure 7(b)](#fig7-2041731419827167){ref-type="fig"}, ([d](#fig7-2041731419827167){ref-type="fig"}), and ([f](#fig7-2041731419827167){ref-type="fig"})). However, different from the mechanical intensity, in the first month, the SED of the system is optimized at 0.3 day, and this indicates that optimal bone healing requires suitable mechanical duration at the initial stage. Before system homeostasis, the cases of 0.2 and 0.3 day almost coincide with each other and are greater than the case of 0.4 day. The influence of the mechanical duration on the BV/TV is greater than that on the SED in which the three durations cannot be distinguished (see [Figure 7(b)](#fig7-2041731419827167){ref-type="fig"}, ([d](#fig7-2041731419827167){ref-type="fig"}), and ([f](#fig7-2041731419827167){ref-type="fig"})). Apparently, the effect of the mechanical intensity on the SED is greater than that of the mechanical duration on the SED (see [Figure 6(b)](#fig6-2041731419827167){ref-type="fig"}, ([d](#fig7-2041731419827167){ref-type="fig"}), and ([f](#fig7-2041731419827167){ref-type="fig"}) and [Figure 7(b)](#fig7-2041731419827167){ref-type="fig"}, ([d](#fig7-2041731419827167){ref-type="fig"}), and ([f](#fig7-2041731419827167){ref-type="fig"})).

![BV/TV and SED of the system under different mechanical durations: (a) BV/TV and (b) SED for intensity 0.5 MPa, (c) BV/TV and (d) SED for intensity 0.7 MPa,(e) BV/TV and (f) SED for intensity 1.0 MPa.](10.1177_2041731419827167-fig7){#fig7-2041731419827167}

Comparison of all the simulations and literature {#section18-2041731419827167}
------------------------------------------------

For the BV/TVs and microstrains of the scaffold--bone system after homeostasis, we compared the present results with those of cancellous bone from different human anatomical sites ([Figure 8(a)](#fig8-2041731419827167){ref-type="fig"})^[@bibr38-2041731419827167]^ and their corresponding microstrains with the disused and healthy strain windows ([Figure 8(b)](#fig8-2041731419827167){ref-type="fig"}).^[@bibr21-2041731419827167]^ In [Figure 8](#fig8-2041731419827167){ref-type="fig"}, the two results of the BV/TV are generally comparable, and the microstrain of the scaffold--bone system is in the healthy strain window. In detail, the BV/TV is optimized at the mechanical duration of 0.3 day in the cases of the mechanical intensities of 0.5 and 1.0 MPa (also see [Figure 7(a)](#fig7-2041731419827167){ref-type="fig"} and ([e](#fig7-2041731419827167){ref-type="fig"})) and at the mechanical intensity 0.7 MPa in the case of the mechanical durations of 0.2 and 0.4 day (also see [Figure 6(a)](#fig6-2041731419827167){ref-type="fig"} and ([e](#fig6-2041731419827167){ref-type="fig"})). For the mechanical durations, the cases of the mechanical intensities of 0.5 and 1.0 MPa are almost identical. Moreover, although the BV/TVs of all cases are comparable in [Figure 8(a)](#fig8-2041731419827167){ref-type="fig"}, [Figure 8(b)](#fig8-2041731419827167){ref-type="fig"} shows that the microstrains of the system differ much, and they are all close to the lower limit of the physiological strain range (500 με - 3000 με)^[@bibr24-2041731419827167]^. This is because the microstrain of the system is determined by both applied mechanical intensity and the system Young's modulus which correlated to the BV/TV. For instance, for the case with the mechanical intensity 1 MPa and duration 0.2 day, the BV/TV (*or* stiffness) of the system is smaller, but the applied intensity 1 MPa is greatest, which results in the greatest microstrain of the system. In this regard, the effect of the mechanical intensity on the microstrain is greater than that of the mechanical duration on the microstrain.

![(a) Bone volume percentage^[@bibr38-2041731419827167]^ and (b) microstrain of the system under mechanical stimuli. Note that in (b), HBC (healthy small and large load-bearing bones) should satisfy this criterion (MESr, MESm); MESr: 50--100 μm, disusing strain window representing the reduction of bone mass; MESm: 100--1000 μm, healthy strain window representing the increase in bone mass.^[@bibr21-2041731419827167]^](10.1177_2041731419827167-fig8){#fig8-2041731419827167}

Times of scaffold--bone system homeostasis {#section19-2041731419827167}
------------------------------------------

As mentioned before, when the system stiffness is greater than the regenerated bone, the stress-shielding phenomenon occurs, and the system reaches a homeostasis, and further, bone in-growth stops. Here, we also summarized the times of system homeostasis of the nine cases in [Figure 9](#fig9-2041731419827167){ref-type="fig"}. In general, it shows that the times at homeostasis are between 3 and 5 months, which are close to those (around 110 days) in simulations^[@bibr19-2041731419827167],[@bibr39-2041731419827167]^ and the healing time (114 ± 10.4 days) of bone fracture in clinics.^[@bibr40-2041731419827167]^

![Homeostasis time of the scaffold--bone system of all treated cases.](10.1177_2041731419827167-fig9){#fig9-2041731419827167}

Discussion {#section20-2041731419827167}
==========

We developed a computational model of the bone in-growth into an undegradable scaffold and studied the effects of the mechanical intensity and duration on the bone in-growth by coupling the osteoblast and osteoclast activities.

Starting from the numerical method, we selected the element number 8000 on the basis of the lower density of osteocyte lacunae in natural bone and auto-incremental time step to improve the calculation efficiency. Indeed, the element number and time step influence the results. To clarify the influence, three element numbers (3375, 8000, and 64,000) and three time increments (1 × 10^−4^, 1 × 10^−5^, and auto increment) were compared based on a specific case (0.5 MPa, 0.4 day). The effect of the element numbers on the BV/TVs was shown in [Figure 10(a)](#fig10-2041731419827167){ref-type="fig"}. The increasing element number from 3375 to 64,000 diminishes the BV/TV difference (2.6% for 3375, 8.5% for 8000, and 10.4% for 64,000) and the homeostasis time difference (day 39 for 3375, day 111 for 8000, and day 105 for 64,000). This is because considering commencement of bone mineralization, we assumed when the ISF element neighboring to the scaffold surface is remodeled by 40% (BV percentage) and the adjacent ISF element is activated and starts to form. Under the assumption, the smaller sized element (or greater element number) neighboring to the scaffold surface receives greater mechanical stimulus, and a greater BV/TV is in need to meet the judgment criteria of the homeostasis of the scaffold-bone system. The effect of the time increment on the BV/TV (around 8.0%) and homeostasis time (around day 111) of the scaffold-bone system is weak, and this can be seen from [Figure 10(b)](#fig10-2041731419827167){ref-type="fig"}. In addition, the computing cost with increasing element number and time increment is greatly improved. Namely, the computing costs are around 2, 8, and 30 h for 3375, 8000, and 64,000 elements, while the cost are around 2, 8, and 20 h for the increment 1 × 10^−4^, the auto-increment, and the increment 1 × 10^−5^, respectively.

![Effects of the (a) element number and (b) time step on the BV/TV.](10.1177_2041731419827167-fig10){#fig10-2041731419827167}

Regarding the effects of the mechanical intensity and duration, generally, in both cases, the numbers of the osteoblasts and osteoclasts in an element and the scaffold--bone system tended to be constants as the bone in-growth approached a homeostasis, and the BV/TV was optimized. The SED of the system decreased in the whole in-growth process due to the increasing stiffness of the system, and it was at the magnitude of \~10^−6^ J, which was less than \~10^−5^ J as reported in Adachi et al.^[@bibr39-2041731419827167]^ This is because that the applied pressure (2.0 MPa) in Adachi et al.^[@bibr39-2041731419827167]^ was greater than that in the present cases. A greater intensity resulted in greater BV/TV before system homeostasis. This explains the clinical observations on the greater bone mass in males than females,^[@bibr41-2041731419827167]^ the higher bone mass in the heavier adults,^[@bibr42-2041731419827167],[@bibr43-2041731419827167]^ and lower bone losing rate of obese women than non-obese ones after the menopause.^[@bibr44-2041731419827167]^ Also, it explains that the training groups have higher BV, BMD, and bone mass than the sedentary groups, and the maximum load of mid-femur in the 4 weeks training groups is greater than that in the 8 weeks sedentary groups.^[@bibr45-2041731419827167]^ A final optimal BV/TV of the system exists for the mechanical stimulus. This is also consistent with the medium-intensity inhibited bone resorption and increased bone formation in young mice femur, which resulted in the improvements in the mineral density, trabecular BV, and strength.^[@bibr13-2041731419827167]^ Based on the discussions, this study could propose some suggestion for clinical or rehabilitation training applications. At the initial stage (in the first month), the mechanical stimulus almost produced no bone, and this was relatively consistent with the implants at early loading time within the first two or three weeks in dogs and monkeys.^[@bibr46-2041731419827167]^ Moreover, considering the instability of the implants and rarely formed bone in this period, excessive rehabilitation exercise should be avoided in order to promote the osseointegration and in case of further fracture bones.

Indeed, this study has limitations because of the modeling simplification. First, the loading on the scaffold RVE is perpendicular to its surface. In reality, the loading direction is often oblique, and the oblique loads may redistribute the newly formed bone mass. Moreover, for the sake of saving computing cost, the loading in walking frequency is simply treated as a quasi-static loading mode with a single bout in a day, but the loading frequency influences the bone repair, and separated short-bout loading improves the bone structure and strength.^[@bibr47-2041731419827167]^ Second, ISF was considered as an incompressible solid, and the shear stress induced by the ISF was neglected. Actually, the osteoblasts and osteoclasts are believed to be also regulated by the shear stress.^[@bibr17-2041731419827167],[@bibr32-2041731419827167],[@bibr48-2041731419827167]^ Finally, the present model is not fully validated by experiments, and the relevant parameters are not experiment-based. Despite these limitations, this work still provides an insight to understand the bone in-growth process under the mechanical stimulus.

Conclusion {#section21-2041731419827167}
==========

The present work proposed a mathematical model of coupling osteoclasts and osteoblasts to investigate the bone in-growth into an undegradable periodic scaffold under mechanical stimulus. The model was numerically implemented to reveal the effects of the mechanical stimulus on the bone in-growth process. Both mechanical intensity and duration optimized the bone in-growth, and the results relatively explained the experimental and clinical observations. Moreover, the model predication of the BV percentage was comparable to an experimental finding. This work could be used as a fundamental model connecting the cell level and tissue level, which provides an insight to understand the bone in-growth mechanism.
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